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ABSTRACT 

/3- 7 8 5  [ I iJ&C*q 
The potential energy curve of the lowest lying triplet sigma state of 

lithium hydride has been computed by a variational technique. Linear 
combinations of products of two center molecular orbitals were used 
to approximate the wave function. All linear and nonlinear parameters 
are minimized and open shell techniques are utilized. The triplet state 
is shown to be of a repulsive nature. - 

1. INTRODUCTION 

In recent years interest on the nature of the lowest- 
lying triplet state of lithium hydride (LiH) has arisen 
in connection with molecular beam experiments. These 
methods have been very successful in measuring the 
dipole moment and other properties of an ever-growing 
number of bound states of small molecules. In par- 
ticular, the bound state of LiH has been studied in 
great detail by beam techniques (Ref. 1). Since experi- 
mental facility had been gained with LiH, it was hoped 

that certain low-lying excited states would be bound 
states and therefore would be amenable to study by 
beam techniques. The question of the nature of the 
lowest-lying triplet state arose out of this situation. 
One might guess, using a model that "shrinks" the lithium 
electrons into the lithium nucleus, by analogy to the 
hydrogen molecule, that the lowest-lying triplet state 
is repulsive. This guess is borne out by the calculation 
reported below. 

II. METHOD OF COMPUTATION 

The method of computation used in this work has been 
discussed in detail in a number of previous papers by the 
author and F. E. Harris (Ref. 2 and 3). For this reason 
only a brief resume of the method is given here. The spa- 
tial wave function is a linear combination of a product 
of two centered molecular orbitals, which are combined 

with spin functions in an open shell manner. At each 
internuclear distance, R, the calculation is repeated until 
enough data is available to minimize the nonlinear pa- 
rameters of the wave function by a least squares method. 
Final parameters are verified by a grid-type pattern 
search described in Ref. 2. 
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The one-electron, two-center-molecular orbital used in 
this calculation is 

( -  s a  t i  - l a  - iva +i) (1) 

where &, ti, and +i are the standard prolate elliptical CO- 

ordinates and na, ma and va are integers, the first two 
being restricted to positive numbers. 8, and [ a  can be any 
number but Sa must be positive. The advantages of such 
a function as (1) are discussed in Ref. 2. The three spin 
functions used as a triplet spin basis are* 

1 0,(1234) = - (apap - PaaP + appa - papa) 2 
(2) 

2 

The spatial configurations are each products of four dif- 
ferent functions of type (1). We shall denote a four- 
electron spatial configuration by @i. The M configuration 
wave function corresponding to the Kth root of the secu- 
lar determinant can be denoted by 

(3) 

where a is the four-electron antisymmetrizer. The @ i s  as 
used in this notation are discussed in the next section and 
reported in detail in Table 1. The coefficients listed in 
Table 2 are the normalized coefficients which reflect the 
true importance of the ii space-spin configuration. They 
are related to the Cfi of Eq. (3) by the formula 

The S j p ’ s  are given in Table 3. The lowest root of the 
secular equation was minimized since we are seeking the 
energy of the lowest state of a particular irreducible rep- 
resentation of the LiH molecule. 
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au 6 I 

Table 1. Nonlinear parameters of the configurations 

N M P 8 b N M P 

- 
1.5633 
3.3059 
6.5924 
9.881 1 

13.1 850 
16.4909 

0.461 1 
0.8093 
1.2057 
1.2092 
1.3987 
1.6823 

0 
0 
0 
0 
0 
0 

1 
1 
1 
1 
1 
1 

- 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 - 

1 
2 
4 
6 
8 

10 

1 
2 
4 
6 
8 

10 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

1.6656 
3.2804 
6.5751 
9.8468 

13.1 180 
16.3960 

0.4290 
0.5530 
0.9720 
1.4896 
1.9743 
2.4025 

0 
0 
0 
0 
0 

0 
0 
0 
0 

0 
1 0  

1 .0820 
2.0907 
4.1 605 
6.1 978 
8.2547 

10.3095 

0.3471 
1.0982 
2.01 63 
2.9961 
3.9947 
4.9992 

1.5618 
3.1 689 
6.8249 
9.7620 

13.4925 
16.1 357 

0.3930 
1.3156 
1.7891 
3.4829 
5.261 8 
7.4705 

0.8609 I 0 I 0 I 0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

1.981 9 
4.0765 
6.1 367 
8.1 862 

10.2406 

- 0.347 1 
- 1.0982 
-2.01 63 
- 2.996 1 
-3.9947 
-4.9992 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

Configuration II p 0 0 0 

0 
0 

1 
2 
4 
6 
8 

10 

1 
2 
4 
6 
8 

10 

1.7178 
3.1 628 
6.5523 

10.1 857 
13.5320 
16.4055 

0.5635 
1.2651 
3.5935 
5.2758 
7.3009 
8.3484 

0 
0 
0 
0 
0 
0 

1 
1 
1 
1 
1 
1 - 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

1.1 553 
2.2286 
4.4090 
6.3889 
9.0046 

1 1.0030 

0.1786 
0.2970 
1.9733 
2.9338 
3.9327 
4.9549 

0.7453 
1.4598 
4.3800 
6.5902 
8.8351 

10.9285 

-0.1786 
-0.2970 
- 1.9733 
-2.9338 
-3.9327 
-4.9549 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

Configuration 111 

1 
2 
4 
6 
8 

1 
2 
4 
6 
8 

1.9689 
3.9234 
7.8355 

1 1.7242 
15.6530 

0.4636 
0.5535 
0.9301 
1.4248 
1.8789 

1.9590 
3.91 38 
7.8224 

11.7197 
15.6424 

0.3637 
0.61 59 
1.1414 
1.1 229 
1.2821 

0 
0 
0 
0 
0 

1 
1 
1 
1 
1 

0 
0 
0 
0 
3 

0 
0 
0 
0 
0 

1 
1 
1 
1 
1 

0 
0 
0 
0 
0 

1.961 5 
3.9072 
7.7989 

1 1.6628 
15.5748 

0.3581 
1.0338 
1.9822 
2.9933 
3.9984 

1.9929 
3.9844 
7.9758 

12.0045 
1 5.991 0 

- 0.358 1 
- 1.0338 
- 1.9822 
-2.9933 
-3.9984 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

- 1  
- 1  
- 1  
- 1  
-1 

0 
0 
0 
0 
0 
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111. RESULTS OF THE COMPUTATION 

As Fig. 1 and Table 4 show, the potential curve of the 
lowest-lying LiH3Z state is repulsive. The normalized 
coefficients show that the spin function, a,, is by far 
the most important function at R = 1 au.% becomes 
the only important spin function at larger R. The normal- 
ized coefficients also show that the configuration that has 
one electron with n = 1, m = v = 0 and all other elec- 
trons with n = m = v = 0 (denoted Configuration 1) is 
the most important and determines the electron density. 
The parameters of configuration I were varied to 0.0125 
at all R. The second configuration in importance (as de- 
termined by the normalized coefficient) is the one in 
which one electron has m = 1, n = v = 0 and all other 
electrons with n = m = v = 0 (called configuration 11). 
The third configuration is one that correlates angularly 
the inner electrons. (See Ref. 4 for a discussion of such 
configurations.) This term (configuration 111) has two 
electrons with type molecular orbitals with n's and m's 
set to zero except for the outer electron which has an 

n = 1. The nonlinear parameters of configurations I1 and 
I11 were minimized by doing two configuration calcula- 
tions using configurations I and I1 and I and 111. In both 
these calculations the parameters of I1 or 111 respectively 
were varied to 0.0125 while those of I were held fixed at 
their optimal values, as determined in a one-configuration 
calculation. A single three-configuration run was then 
done at each R using the best nonlinear parameters 
obtained for each configuration. An attempt at simulta- 
neous minimization of all parameters indicated that the 
improvement in energy would be negligible, and this pro- 
cedure was abandoned. Table 1 shows that the nonlinear 
parameters of all configurations vary smoothly with inter- 
nuclear distance. 

The result for infinite internuclear separation was to be 
reported in a paper by the author and F. E. Harris on 
the ground state of lithium hydride (Ref. 5). The energy 
at infinite nuclear separation, for similar type configura- 
tions is -7.9474 au. 

R, au 

Fig. 1.  The lowest-lying energy curve of a LiH triplet 
sigma state three-configuration result 

8 

Table 4. Potential energy of the lithium hydride triplet 
sigma state as a function of internuclear distance" 

R 

1 .oo 
1 .oo 
1 .oo 
1 .oo 

2.00 
2.00 
2.00 
2.00 

4.00 
4.00 
4.00 
4.00 

6.00 
6.00 
6.00 
6.00 

8.00 
8.00 
8.00 
8.00 

10.00 
10.00 

Configurationb 

I 
I + I I  
I + 111 
I + I I  + 111 

I + I I  
I + 111 
I + II + 111 

I + I I  
I + 111 
I + II + 111 

I 
I + I I  
I + 111 
I + I I  + 111 

I + I I  
I + 111 
I + I I  + 111 

I 
I + I I  

I 

I 

I 

-E 

7.21 18003 
7.2335268 
7.2247045 
7.2460374 

7.8050098 
7.81 35024 
7.81 87989 
7.8271 397 

7.9151768 
7.92 2 2 62 8 
7.9290367 
7.9360476 

7.9254986 
7.933665 1 
7.939325 1 
7.9473932 

7.9290752 
7.9376573 
7.942 8960 
7.951 3831 

7.9296209 
7.938561 3 

4All energies ore in atomic units. 
bSee the text or Table 1 for the form of configurations I, I I ,  and Ill. 
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It will be noted in Fig. 1 and the tables, that at R = 10 
au a rT type codguration is not reported. The reason 
for this is that the optimal parameters of this codguration 
were too large for our programs to handle (i.e., 6 or 
[> 18). Our final R = 10 point was obtained by noting 
that the effect of adding configuration I11 to I and I1 at 
R = 6 and 8 was to lower E by 0.014 au. Figure 1 shows 
that this value moves the R = 10 point down to exactly 
where one would expect it to be from the smaller R and 
separated atom results. 

If the results for configuration I in Table 1 are com- 
pared to the analagous results for the ground state, a very 
interesting point can be observed (Ref. 4), viz. that the 
parameters of the most important configuration indicated 
that the inner lithium atom orbits were unaffected by the 
formation of a molecule; that the orbit that came from 
the hydrogen atom remained almost completely centered 
on the hydrogen atoms and that the 2s lithium orbit 
foiincd thc bond. For thc state the Lkse orbits 
that did not form the bond in the ground state have 
almost exactly the same parameters in the triplet system 
as in the singlet system. This of course implies that the 
inner electrons on the lithium atom are again unaffected. 
The only difference between the singlet and the triplet 
is that the orbit that was the 2s lithium orbit at infinite 
separation in the formera was a displaced orbit with its 
maximum density between the two nuclei thereby form- 
ing a bond, while on the latter it remains centered on the 
lithium atom and at short distances even is polarized 
away from the hydrogen center. The transition from the 
bonding singlet state to the repulsive triplet state then 
appears as a one-electron excitation from a one-electron 
bonding orbit to a one-electron atom-centered orbital, the 
rest of the molecule remaining essentially unchanged. 
This result comes from the free and independent varia- 
tion of the parameters and was not built in by guessing 
the parameters using this model. 

In the ground state the important codgurations were 

~ 

“The orbit that goes to the 2s Li at infinite separation is termed 
the 2s Li orbit; the orbit that goes to the 1s H orbit at infinite 
separation, the 1s H orbit, etc. 

of the type used in the triplet state except that in the 
former a r-x configuration correlating the 1s hydrogen 
orbit with the 2s lithium orbit was important. In the 
latter this configuration was tried but failed to improve 
the energy even to O.OOO1 au. The discussion of the pre- 
vious paragraph clearly explains why this is so. In the 
triplet state the 2s lithium orbit and the 1s  hydrogen 
orbit are simply not near enough to each other to cor- 
relate strongly. 

These results suggest that a possible simplification in 
the treatment of excited states is to try to take advantage 
of the cancellations inherent in a calculation of the ex- 
citation energy due to the invariance of most of the orbits 
from state to stateb. It is immediately seen that such 
approaches must take care to consider the one-electron 
orbital change as well as the changes in correlation that 
occur in such single-electron excitations. 

Configurations correlating inner and outer orbits were 
tried but as in the ground state, this “intershell” correla- 
tion failed to yield any significant lowering of the energy. 
Also notable is the fact that configuration I1 yielded 
0.014 au lowering of the energy at almost all inter- 
mediate distances in the triplet as well as the ground 
state problem and the atomic problem. This indicates the 
constant pairwise additivity of correlation energies of 
similar orbits. These observations are a further confirma- 
tion of the physical ideas upon which Sinanoglu based 
his “Many Electron Theory of Atoms and Molecules” 
(Ref. 6). The results of this paper also indicate that the 
Sinanoglu theory might trivially predict the singlet-triplet 
excitation energy in LiH as, in Sinanoglu’s language, the 
sum of the difference in the Hartree Fock energy of the 
two states (which by a Koopman-type theorum could be 
just the difference in the orbital energies of the orbits that 
actually are effected) plus the Ei j correlation energy for 
the outer electrons in the LiH ground state. All other 
orbital and correlation energies remain the same and 
cancel. 

bSuch an idea had been suggested to the author by R. Sahni in a 
private conversation. 
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